Introduction
A recent report from the American Heart Association attributes one in six deaths every year to coronary heart disease, which commonly presents with tissue ischemia and/ or myocardial infarction. 1 With the exception of whole heart transplantation, there are currently no treatments to prevent the decline in cardiac function that occurs after an ischemic assault and cardiomyocyte death. Transplantation with human embryonic stem cell-derived cardiomyocytes (hESC-CMs) has shown promise in a number of animal models to regenerate the damaged heart tissue. [2] [3] [4] [5] [6] An attractive alternative is the tissue engineering approach, where three-dimensional (3D) structural control and tissue maturation before implantation are possible. 7 Many groups have had considerable success forming contractile cardiac constructs within native soft biological hydrogels, such as fibrin, 8, 9 collagen, [10] [11] [12] and decellularized heart matrix, 13 as well as in scaffold-free conditions. 14, 15 Engineering large scale cardiac tissues, however, continues to be hindered by a lack of vasculature and poor structural and functional maturation of stem cell-derived cardiomyocytes.
The heart is the most metabolically demanding organ in the body. Every cardiomyocyte is adjacent to at least one capillary to fuel contractile function. 16 Vasculature and blood flow are critical in not only supplying nutrients and oxygen but also in modulating cardiomyocyte maturation, 17 subtype specification, 18 and ischemic protection. 19 In engineered cardiac tissues, vascular structures have been generated by combining myocytes, endothelial cells, and a mural cell population, such as mesenchymal stem cells or fibroblasts. 11, 14, 15, [20] [21] [22] Under these conditions, de novo lumens and cord-like structures form through endothelial cell self-assembly. These ''tri-cellular'' constructs were further shown to have increased active twitch force, 23 suggesting the importance of paracrine signals from nonmyocytes.
When transplanted, the self-assembled vessels in these constructs integrate to some degree with host circulation; 15, 21, 22 however, they lack an orderly branching hierarchy, and grafthost integration is slow relative to the immediate perfusion needs of the construct. 24, 25 Attempts have been made to enhance vascular density within the constructs by tuning matrix composition, matrix structure, biochemical signals, or mechanical cues. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Nonetheless, outstanding challenges exist due to sluggish perfusion in the self-assembled vessels, which limits the function and integration of the cardiac constructs. An ideal construct would have both perfusable vasculature that recapitulates the hemodynamic environment of coronary vessels and appropriate characteristics for myocardial function such as a compliance-matched matrix, myofibril maturation and alignment, electrical propagation, and force generation.
In this study, we developed a cardiac tissue construct that has sufficient mechanical strength to support fabrication and patency of a perfusable vascular network and optimized cellular composition to promote cardiomyocyte survival, organization, and maturation. We showed that although dense collagen ( ‡6 mg/mL) is required for microchannel fabrication, it does not support cardiomyocyte structure and function. We demonstrated that coculturing with a stromal cell population promoted matrix remodeling and cardiomyocyte alignment and allowed for the formation of a functional vascularized cardiac tissue in dense collagen. Our work represents an important step toward generating perfusable vascularized cardiac tissues in vitro and suggests a key role for stromal cells in matrix organization and cardiac maturation.
Materials and Methods

Cell culture
Spontaneously beating cardiomyocytes (Supplementary Video S1; Supplementary Data are available online at www .liebertpub.com/tea) were generated from high-density monolayers of RUES2 human embryonic stem cells (hESCs) using a combination of activin A, BMP4, and small molecule Wnt activation/inhibition as described previously 3 and in the Supplementary Data. For a subset of experiments, cardiomyocytes were generated from transgenic RUES2 hESCs that constitutively express GCaMP3, a fluorescent calcium reporter. Zinc-Finger nuclease (ZFN)-mediated targeting was used to construct this line as previously described. 5 Cardiomyocyte cultures averaged 64.1% -19.3% cardiac troponin T (cTnT) positive by flow cytometry, and this preparation is referred to as ''cardiomyocytes'' or hESC-CM throughout the article.
Four different stromal cells were used in this study, including two human bone marrow-derived stromal cell lines (HS27a and HS5), 36 human dermal fibroblasts (hDFs; Lonza), and primarily isolated human fetal heart perivascular cells. See Supplementary Data for more detail on cardiomyocyte differentiation and stromal cell culture.
Cardiac construct formation and culture
Tissue molds were fabricated through molding of uncured polydimethylsiloxane (PDMS) (Dow Corning Sylgard 184 silicone elastomer) into a laser-etched acrylic negative template with 17 · 3 mm wells containing 1 mm diameter posts at each end to provide uniaxial strain (Fig. 1A) . The molded PDMS was baked at 65°C for at least 1 h and then peeled away for autoclave sterilization. Immediately before construct formation, the PDMS wells were treated with a hand-held corona treater (BD-20; Electrotechnic Products, Inc.) to make surfaces hydrophilic.
Cells were mixed with preneutralized collagen gel (2.5 or 10 mg/mL, see Supplementary Data for collagen stock preparation) to achieve final collagen concentration of 1.25 or 6 mg/mL, respectively. Final cell-gel mixtures of 60 mL were pipetted into each well and allowed to gel for 45 min at 37°C. After gelation, constructs were given RPMI-B27 (with insulin) and fed every other day for 14 days. All cocultured constructs were made with a 1:1 cell density ratio of cardiomyocytes to stromal cells. Final cardiomyocyte density in all constructs was *16 · 10 6 per mL. Constructs for sharp boundary experiments were made by two-step gelation: first, a stainless steel block was placed in one half of the well to allow the cardiomyocyte-only side to undergo 30 min of gelation, then the block was removed and the coculture mixture (cardiomyocytes and HS27a stromal cells in liquid collagen) was added, followed by an additional 30 min gelation period. All constructs were cultured for 14 days, fixed, histologically processed, and stained (Supplementary Data). Constructs were fixed while under constant strain in the tissue molds.
Contractile force generation analysis
Functional analysis was carried out on constructs after 2 weeks of maturation as previously described 11 (Supplementary Data). In brief, construct sections were stretched in 5% increments up to 20-25% of their total length, and their resulting passive tension and spontaneous active force traces were recorded and analyzed using customized LabView software. Stress-strain relationships were recorded for each construct at basal conditions with no electrical stimulation. After that, the constructs were stimulated at maximum stretch (25%) at 1, 1.5, 2, and 3 Hz using a field stimulator with 5V and 40 ms pulse duration. The spontaneous beating rate of each construct was determined by taking the inverse of time between active contractions at maximum stretch in unstimulated preparations.
Microvessel fabrication
GCaMP3 hESC-CMs (16 · 10 6 per mL, final) and stromal cells (16 · 10 6 per mL, final) were mixed with dense collagen (6 mg/mL final concentration). Microfeatures were embedded in the cell-containing gel using techniques of injection molding and soft lithography as previously described. 37 Collagen with density less than 4 mg/mL fails to maintain mechanical integrity for the microstructures. The final constructs have dimensions of 8 · 17 · 1 mm and parallel posts flanking the construct to provide uniaxial strain. A patterned network was molded into the top device by using a microfabricated PDMS stamp with channel dimensions 125 · 125 mm on the bottom surface of the top device. After gelation, the devices were assembled together to create an enclosed microfluidic network.
The network was seeded with 10 mL human umbilical vein endothelial cell (passage 5) suspension at a density of 10 · 10 6 per mL in endothelial growth medium (EGM; Lonza). After 1 h of attachment under static conditions, EGM was perfused through the microvessels under gravity-driven flow through attached reservoirs (initial pressure of 1 cm H 2 O, replenished every 12 h). Constructs were additionally submerged in a 3:1 mixture of cardiomyocyte media (RPMI 1640 basal medium with B27 Supplement [Invitrogen] containing insulin) and EGM.
At days 7 and 14 of culture, GCaMP3 fluorescence was observed and recorded with a Canon HD video camera (HF S20) to assess cardiomyocyte function and tissue-level electrical properties. After 14 days, the constructs were fixed and stained for cTnT (1:100; mouse antihuman; Fisher) to label cardiomyocytes and CD31 (1:25; rabbit antihuman; Abcam) to label endothelial cells, followed by imaging in situ with confocal fluorescence microscopy. All antibodies and solutions were perfused through the network and used to submerge the construct.
Statistics
Single variable analysis between two samples was compared by Student's t-test assuming unequal variance. Unless otherwise noted, at least three biological replicates were performed with two to three technical replicates in each. A number of biological replicates were used to determine significance. Results are presented as mean -SEM. For all results, significance was defined as *p < 0.05, **p < 0.01.
Detailed methods are included in Supplementary Data.
Results
Cardiomyocytes alone in dense collagen do not form functional cardiac tissue
The incorporation of perfusable microvessels in collagenbased constructs requires the use of dense collagen to maintain structural integrity of the fabricated channels. 38 To evaluate the influence of collagen density on the structure and function of cardiac constructs in a higher throughput manner, we used rectangular wells (Fig. 1A) to generate cardiac tissue constructs under uniaxial strain with hESC-CMs in both low (1.25 mg/mL) and high (6 mg/mL) collagen concentrations (initial complex moduli of 81.0 -14.8 and 281.8 -17.1 Pa, respectively-Supplementary Data).
After 2 weeks in culture, hESC-CMs in 1.25 mg/mL remodeled the collagen gel and formed compact tissues, with crosssectional areas of 0.133 -0. 038 mm 2 ( Fig. 1A-iv , B-i). In 6 mg/ mL collagen, hESC-CMs were unable to compact the matrix, which resulted in isolated cell islands and a lack of cell-cell contact ( Fig. 1B-ii) . The cross-sectional area of the constructs was 1.247 -0.142 mm 2 , nearly 10-fold higher than in lowdensity collagen (Fig. 1C) . The greater degree of compaction in low-density collagen led to a final cell density of 1.2 -0.4 · 10 6 per mm 3 , *20-fold higher than in 6 mg/mL (Fig. 1D) .
FIG. 1.
Three-dimensional cardiac constructs with hESC-CMs only in low-and high-density collagen. (A) Schematic of construct formation in rectangular strained system: An acrylic negative template (i) was used to generate PDMS molds with posts at each end (ii) that was then seeded with collagen premixed with hESC-CMs (iii). The resulting cardiac construct remodeled and compacted the gel after 2-3 days (iv). (B) Representative images of hemotoxylin and eosin (H&E) staining of constructs in (i) 1.25 mg/mL and (ii) 6 mg/mL collagen after culture for 14 days. (C, D) Final cross-sectional area (C) and cellularity (D) of constructs after 2 week culture (*p < 0.05, **p < 0.01; N = 4-7 biological replicates). (E) Confocal images of sarcomeric a actinin and nuclei in (i) 1.25 mg/mL and (ii) 6 mg/mL collagen at 40· (top panel) and ·3 optical zoom (bottom panel). Scale bars: 50 mm. hESC-CMs, human embryonic stem cell-derived cardiomyocytes; PDMS, polydimethylsiloxane. hESC-CMs showed markedly different morphology in collagen of different densities. In collagen of 1.25 mg/mL, cardiomyocytes expressed a actinin robustly throughout the construct in a striated pattern, indicating sarcomere formation in the majority of cells (Fig. 1E-i) . In collagen of 6 mg/ mL, regions of striated a actinin expression were visible, but these regions were sparse and isolated (Fig. 1E-ii) . To evaluate electrical synchronization of the tissues, we performed fluorescent imaging of calcium transients. In collagen of 1.25 mg/mL, there was synchronous excitation and contraction throughout the whole constructs (Supplementary Video S2). In collagen of 6 mg/mL, electrical activation events were isolated with no propagation, indicating the cardiomyocytes were alive and able to undergo spontaneous excitation, but were not connected or electrically synchronized (Supplementary Video S3).
Collectively, these results suggest that cardiomyocytes in dense collagen retained necessary molecular and structural components for electromechanical function, but were unable to organize into an integrated tissue.
Stromal cell coculture promotes cardiomyocyte organization and matrix remodeling in both low-and high-density collagen Stromal cells have been shown to be critical for matrix synthesis and remodeling during normal development and cardiac regeneration. 15, 39 In a normal adult mammalian heart,
FIG. 2. Effect of HS27a stromal cell incorporation on cardiac constructs. (A, B)
Representative histological sections of constructs in (A) 1.25 mg/mL and (B) 6 mg/mL collagen after culture for 14 days (top panels: cardiomyocyte-only condition; bottom panels: cocultured cardiomyocytes and stromal cell condition); representative images are shown for constructs stained for H&E (i), sarcomeric a actinin (ii), fibronectin (iii), and collagen IV (iv). (C-F) Quantitative comparison of (C) final crosssectional area, (D) final cell density, (E) cardiomyocyte alignment (inverse of dispersion angle measured on a actinin striations), and (F) sarcomere length (*p < 0.05; **p < 0.01; N = 2-4 biological replicates). Scale bars: 40 mm. stromal and fibroblast populations contribute to approximately half of the total cell numbers. 39, 40 To improve the structure and function of our cardiac constructs, we cocultured cardiomyocytes with human stromal cells (bone marrow-derived HS27a line 36 ) in both low-and high-density collagen. In both collagen matrices, cocultured constructs were significantly more organized, with higher cellularity and greater alignment (Fig. 2) . hESC-CMs had more organized striated a actinin and a larger degree of alignment in cocultured constructs than in cardiomyocyte-only constructs ( Fig. 2A-ii, B-ii, E) .
Coculture increased expression and organization of matrix proteins, predominately fibronectin and collagen IV, both of which appeared to align along the direction of axial strain and cellular elongation ( Fig. 2A-iii, iv, B-iii, iv) . The matrix constituents heparin sulfate, laminin, and versican were not detected in these cocultured constructs by immunohistochemistry (data not shown). In dense collagen particularly, coculture led to a significant improvement in tissue compaction and homogeneity with a nearly 60% decrease in cross-sectional area (Fig. 2C ) and a sixfold increase in cell density (Fig. 2D ) compared with cardiomyocyte-only conditions.
Myofibrils showed significantly enhanced alignment along the direction of uniaxial strain for the coculture conditions in both low and high collagen matrix (Fig. 2E) . Cardiomyocyte sarcomere length also increased significantly with coculture in high-density collagen (Fig. 2F) , indicating greater myofilament organization and maturation. These findings suggest that stromal cells promote matrix synthesis and remodeling required for hESC-derived cardiomyocytes to elongate and structurally mature.
Cocultured dense collagen constructs are electromechanically functional
An essential requirement for engineering functional myocardial tissue is its ability to propagate an electrical signal followed by whole construct contraction and force generation. Cocultured constructs with hESC-CMs and stromal cells in both 6 mg/mL and 1.25 mg/mL collagen showed calcium wave propagation and contraction throughout the whole construct, indicating sufficient cell-cell contacts and maturation of hESC-CMs (Supplementary Video S4 and S5, respectively).
We further mounted the constructs between a force transducer and a motor (Fig. 3A) and measured the length dependence of force generation for each construct by stretching incrementally with 5-10% steps and recording twitch force at each step length (Fig. 3B) . All constructs produced increasing twitch force with increased strain, demonstrating the tissue-level correlate of the FrankStarling relationship, where increased length triggers increased force of contraction (Supplementary Fig. S1 ). Cocultured constructs in 6 mg/mL collagen produced a peak active force of 0.1 mN/mm 2 , which is comparable to cocultured constructs generated in low collagen ( Supplementary  Fig. S1 ) as well as previously reported values for collagenbased engineered cardiac tissue. 7, 11, 41 A functional engineered cardiac construct is expected to follow a range of stimulation frequencies to electrically synchronize with the host during future therapeutic applications. We measured the spontaneous beating rate of cardiac constructs since automaticity is a key indicator of cardiac subtype and electrophysiological maturation. 18, 42, 43 In constructs with cardiomyocyte-only conditions in 1.25 mg/mL collagen, the average spontaneous beating rate is 1.2 Hz. Coculture conditions resulted in a slight decrease of spontaneous beating rate to *0.6 Hz in both 1.25 and 6 mg/mL collagen, although the decrease is not statistically significant (Fig. 3C) .
Importantly, all three groups, including cocultured constructs in dense collagen, were able to reliably follow an electrical stimulation pace up to 2 Hz (Fig. 3D) while maintaining the same magnitude of force generation (Supplementary Fig. S2 ). In response to 3 Hz stimulation, all construct groups were unable to follow the pace consistently. Representative force trace displaying passive tension and active twitch force during incremental step-wise length increases for a cocultured construct in 6 mg/ mL collagen. Inset: enlarged view of active force trace at maximum strain with red arrow indicating the amplitude of active twitch force (˛= 0.25). (C) Spontaneous beating rate of constructs measured at time of force measurement acquisition at 37°C (N = 3 biological replicates) (D) Sample stimulation traces at˛= 0.25 of cocultured constructs in 6 mg/mL paced at 1, 1.5, and 2 Hz. Color images available online at www.liebertpub .com/tea These findings are consistent with previous studies showing that fibroblasts reduce the intrinsic beating frequency of cardiomyocytes, and nonmyocytes play a role in modulating the electrophysiological maturation of stem cellderived cardiomyocytes during differentiation. 44, 45 The type of stromal cells in cocultured constructs influences their interactions with cardiomyocytes and matrix remodeling Different populations of ''stromal cells'' or ''fibroblasts'' have drastic differences in their phenotype, gene expression, and signaling. 46 To understand how stromal cells from different sources affect remodeling and cellular alignment in cardiac constructs, we generated cardiac constructs by coculturing cardiomyocytes with four different fibroblast or stromal cell lines in low-density collagen for 4 days. These stromal cells included two immortalized human bone marrowderived stromal cell lines (named HS27a and HS5 36 ), primary hDFs, and primary isolated fetal human heart NG2+/ PDGFRb+ cells (FHH). HS27a and HS5 have been extensively characterized and although both lines secrete a plethora of ECM proteins, they have distinct functions due to differing expression of matrix proteases and cytokines. 36, 47, 48 hDFs are known to secrete vast amounts of extracellular matrix and matrix degradation proteins normally and during wound healing. 49 FHH cells were selected based on their expression of pericyte markers NG2 and PDGFRb, suggesting a more pericyte-like function of vascular stabilization. 50, 51 When these different stromal cells were cocultured with cardiomyocytes in collagen constructs, distinct differences were observed regarding cellular and matrix alignment.
Compared to constructs with cardiomyocyte-only conditions, HS27a and hDF cocultured constructs showed greatly improved cardiomyocyte alignment and matrix synthesis (Fig. 4A-C) , similar to results shown in Figure 2 . However, the HS5 and FHH cocultured constructs had no improvement in cardiomyocyte structure and organization and no evident cellular or matrix alignment (Fig. 4D, E) . Furthermore, coculturing with HS5 resulted in poor construct integrity with a breakdown of matrix and structure after *4 days in culture. Cocultured constructs also had upregulated mRNA expression of fibronectin (FN1) and collagen I (COL1A2) with the most pronounced increases seen in HS27a and hDF cocultured constructs ( Supplementary  Fig. S3 ). Taken together, these results suggest that HS27a and hDF promote matrix remodeling that is suitable for promoting cardiomyocyte growth and organization.
Cardiomyocyte alignment requires proximity to stromal cells
To understand how stromal cells provide cues for cardiomyocyte alignment and maturation, we generated a composite construct in 6 mg/mL collagen with a sharp boundary between two halves: one half containing only cardiomyocytes and the other half cocultured with HS27a stromal cells
FIG. 5. Effect of stromal cells in composite constructs with a sharp boundary between a cocultured and cardiomyocyte-only region. (A)
Schematic of constructs generated using a two-step gelation process, where collagen seeded with cardiomyocytes is allowed to gel in one half of the rectangular tissue mold followed by a second gelation of collagen containing cardiomyocytes and HS27a stromal cells. (B) Large view confocal immunofluorescence images of serial cryosections near the stromal cell interface (white dotted line): (i) Hoechst staining (ii) HS27a stromal cells (marked with red fluorescent protein), (iii) a actinin, (iv) fibronectin, and (v) collagen IV. (C) Higher magnification image of (i) cardiomyocyte-only region, (ii) the border region, and (iii) the cocultured region. N = 3 biological replicates. Color images available online at www.liebertpub.com/tea (Fig. 5A) . After 14 days of culture, stromal cells remained in the cocultured half region with minimal migration (Fig. 5B-i , ii). Consistent with the stand-alone construct conditions, the cocultured half of the construct had higher and more integrated cellularity (Fig. 5B-i , ii) with stronger and more uniform a actinin expression in cardiomyocytes compared with the cardiomyocyte-only region (Fig. 5B-iii) . More organized matrix proteins such as fibronectin and collagen IV (Fig. 5B-iv, v) were deposited in the cocultured half of the construct.
Further away from the boundary between the two halves, the cardiomyocytes displayed a similar structural organization as the two distinct culture conditions shown previously: disarrayed sarcomere striations in cardiomyocyte-only conditions (Fig. 5C-i ) compared with robust sarcomere formation and cellular alignment in the direction of uniaxial strain in the cocultured region (Fig. 5C-iii) . At the boundary between the two halves, cardiomyocyte alignment sharply declined between the stromal and nonstromal regions (Fig. 5C-ii) . This suggests that proximity of stromal cells was required for proper matrix remodeling and cardiomyocyte structural organization in 3D constructs, and paracrine factors alone were not sufficient to induce such effects.
Engineered microvasculature within functional cardiac constructs
The ability to generate cardiac constructs in a dense collagen matrix allowed us to embed microchannels within the construct to form patterned vasculature. We modified our previous soft lithographic injection molding technique for engineering microvessels 37 and generated 3D functional cardiac tissue with embedded endothelialized channels (Fig. 6A) . Namely, the system was miniaturized to lessen cardiomyocyte demand and facilitate higher throughput testing. Consequently, the device is now open on the top and bottom to allow for sufficient media around constructs; and horizontal posts located just outside of both the inlet and outlet created uniaxial strain (Fig. 6A) .
Constructs generated using this fabrication method and optimized coculture conditions had intact network geometry immediately after fabrication. We then perfused endothelial cells through the network and observed attachment on the microchannels within 1 h after seeding, with complete attachment overnight (Fig. 6A) . The structural integrity of the network was maintained throughout 14 days of culture, and attached endothelial cells formed CD31+ junctions within the patterned network (Fig. 6B-i) . The interstitial space between the patterned channels contained dense populations of both stromal cells and cardiomyocytes (Fig. 6B-ii, iii) .
Cardiomyocyte morphology was elongated with uniform distribution of cTnT-positive cells throughout the interstitial collagen space (Fig. 6B, C-ii) . Endothelial sprouts were observed to extend from the patterned network into the bulk of the construct (Fig. 6C-i arrowheads) . Importantly, we found that throughout the remodeling process and 2 week culture, the endothelial-lined channels were able to maintain their patency (Fig. 6D-i) . Stromal cells, and in some places the cardiomyocytes, followed the vasculature and elongated along the longitudinal direction of the microvessels (Fig. 6D-i ) and the endothelial sprouts (Fig. 6D-ii) . In comparison, control constructs generated using the same device but without an endothelialized microvessel had poor cardiac morphology with a lack of structural organization of both cells and constructs ( Supplementary Fig. S4) .
To evaluate the function of cardiac constructs with patterned vasculature, we performed calcium imaging using GCaMP3 fluorescence after 1 and 2 weeks in culture and analyzed the traces at two distinct regions of interest to assess electrical synchronization throughout the construct. We observed synchronous electrical wave propagation after just 1 week in culture, and increased synchronization between two identified regions of the construct after 2 weeks of culture with much of the background signal from isolated electrical activity gone ( Fig. 6E; Supplementary Video S6 ). These data demonstrate that our optimized cellular and matrix conditions enable the generation of functional cardiac constructs with embedded endothelialized microchannels and potentially fully vascularized cardiac tissue.
Discussion
In recent years, many methods of generating perfusable, interconnected networks of vessels have emerged as viable approaches to vascularization of engineered tissue. For example, 3D printing of sacrificial vascular networks into a 3D grid, 52 the generation of aligned branched microvessels with alginate fibers embedded in the matrix, 53 and microfabricated vessels 37 are all exciting approaches with vast implications in microvascular engineering and promising potential for the generation of prevascularized tissues.
Success, however, has been limited in combining these vascular fabrication techniques with standard 3D cardiac tissue cultures. This limitation stems, in part, from incompatible matrix and mechanical conditions that do not provide favorable conditions for both cardiac function and incorporation of vasculature. The formation of compact cardiac tissue with synchronous contractions requires remodeling to occur so that the cells may form proper cellcell junctions and establish electrical communication, but this remodeling tends to collapse embedded channels due a lack of mechanical support. 24 In this study, we used coculture with cardiomyocytes and stromal cells in dense collagen and successfully demonstrated that we can promote cardiomyocyte organization and function and simultaneously maintain the mechanical integrity of microvessels in 3D cardiac constructs. The additional stromal cells promoted significant matrix remodeling, which presumably was through the combination of ECM synthesis and proteolytic degradation through synthesis and release of matrix metalloproteinases. 54 We showed that cardiomyocytes aligned along the same direction as the matrix proteins, which was also the direction of uniaxial strain applied on the 3D constructs. Previous studies have shown that fibroblast and stromal cell populations remodel matrix and induce matrix alignment in response to uniaxial strain. [55] [56] [57] These aligned matrix proteins possibly serve as the topographical cues for the cardiomyocytes to align and mature. 44, 58 Results from our composite constructs (Fig. 5) demonstrated that paracrine signaling through soluble factors was unlikely to be the predominate mechanism at hand. Rather the proximity and interactions between stromal cells and cardiomyocytes promoted cardiomyocyte organization in cocultured constructs. This further supports the suggested mechanism that local stromal cell-induced matrix synthesis and remodeling allow for adjacent cardiomyocytes to initiate cell-ECM contact, undergo elongation, and structurally mature.
Stromal cells from different origins showed different capacities to facilitate sufficient matrix alignment and cardiac construct formation. Coculture with both hDFs and marrow-derived HS27a stromal cells led to remodeling and cardiac structural maturation, whereas coculture with HS5 stromal cells and NG2+/PDGFRb+ fetal human heart cells did not. hDFs are known to be highly proficient at remodeling matrix, particularly in 3D cultures. 59 HS27a and HS5, although both originated from the human bone marrow, appeared to have drastic differences in their ability to remodel matrix and support cardiac morphology.
HS27a has been shown to have much higher expression of stromal cell-derived factor 1, regulators of G protein signaling, and tissue inhibitors of matrix metalloproteases than HS5. 48 In addition, unlike HS5 stromal cells, HS27a stromal cells strongly express the Notch surface ligand Jagged1 47, 48 whose signaling is known to play an important role during cardiac repair, namely by inducing cardiomyocyte proliferation and growth.
60,61 HS5 stromal cells, however, express much higher levels of inflammatory cytokines, such as IL-6 and IL-8, than HS27a stromal cells. 36, 47, 48 Prolonged exposure to such inflammatory signals can have adverse effects in the heart such as myocardial hypertrophy that are known predictors of heart failure. [62] [63] [64] Our use of different stromal and fibroblast lines revealed that not all stromal cells are compatible with cardiac construct formation. Instead, specific stromal cell lines are required to produce sufficient matrix deposition and assembly to elicit alignment and a beneficial response of the cardiomyocytes. Fibroblasts, and particularly dermal fibroblasts, are well known to adapt to external forces and play a key role in modulating mechanical tensions within the tissue through ECM remodeling, cytoskeletal rearrangement, and cellular contraction. 65 Indeed, this characteristic of dermal fibroblasts has already been used for a wide range of tissue engineering applications where matrix remodeling and organization are required. 66, 67 Our finding that the immortalized HS27a stromal cells are similarly effective is advantageous for their use in optimizing engineered tissues. Moving forward, the use of cardiac or stem cell-derived fibroblasts would allow researchers to match the sources of each input cell type to better mimic a cardiac environment.
In addition to cellular alignment and global improvement in cardiac structure, coculture with stromal cells led to myofilament maturation within the cardiomyocytes. Cardiomyocyteonly constructs had sarcomere lengths ranging from 1.2 to 1.4 mm, which is characteristic of immature thick filaments and sarcomeres. In coculture conditions, cardiomyocytes had sarcomere lengths that ranged from 1.7 to 1.8 mm, more similar to that of a mature adult-like cardiomyocyte. 68, 69 Although structural maturation was observed, the magnitude of force production was still <1% of adult cardiac tissue, which generates a twitch force on the order of 100 mN/mm 2 . 70 This could be attributed to the functional immaturity of stem cell-derived cardiomyocytes and to the relatively low density of cardiomyocytes in the constructs. Longer term culture 68 and higher cellular densities could potentially further promote the functional maturation of hESC-CMs and engineered cardiac tissue.
Optimized cellular and matrix culture conditions enabled us to successfully generate microvessels in 3D cardiac tissues. We demonstrated vascular patency and cardiac function in constructs for up to 2 weeks: the vasculature displayed remodeling capability and cardiomyocytes developed proper cardiac morphology and function with necessary cell-cell contacts.
We showed that endothelial cells sprout outward from the patterned vasculature into the surrounding matrix, suggesting the potential of our platform to generate fully vascularized constructs with patterned small arteriole conduits as well as capillaries. This sprouting and endothelial outgrowth may be the result of crosstalk between endothelial cells and cardiomyocytes/stromal cells or from possible hypoxic gradients generated toward the distal regions of the constructs. Endothelial sprouting may also vary for different sources of endothelial cells, and an alternative endothelial cell source could be incorporated into the microvessel to promote additional angiogenesis. 71 Our vascularized cardiac tissue provides a useful system to understand the effects of endothelial cells, hydrodynamic stresses, and transport processes on cardiomyocyte maturation and function. We hypothesize that the presence of planar perfusable vessels in the cardiac tissue will guide additional vascular connections within the surrounding construct and further promote integration to the host vasculature once implanted. This study provided a proof-of-principle demonstration of engineered cardiac tissue with patterned vasculature.
Additional studies will be pursued to further characterize the impact of the microvascular network on cardiomyocytes in terms of survival, thickness of viable construct, cardiac morphology, and function. The current system could be further modified to pattern multilayered 3D vasculature throughout the construct by stacking layers of microvessels together or using alternative microfabrication techniques such as 3D printing. As these approaches mature, prevascularized cardiac tissue can be made in large scale and potentially be used for the treatment of ischemic heart disease.
